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INTRODUCTION

This report compiles the phantom dosimetry measure-
Research Institute (AFRRI) TRIGA reactor during 1979

and 1980 for irradiations of the rhesus monkey (Macaca
mulatta) in chair and wheel arrays. These two arrays
have been used in a number of experiments evaluating
behavioral effects of mixed gamma-neutron irradiation
(1). Descriptions of the arrays appear in references 2
and 3.

Radiation doses delivered to experimental subjects have
been expressed in four different ways, as follows:

free-in-air kerma at midthorax
free-in-air kerma at midhead
depth dose at midhead
depth dose at midthorax

q In various experiments, any one or more of the above
were measured and reported as the delivered dose. The
purpose of the present report is to define the inter-
relationship of the above four doses, i.e., to develop a
set of conversion factors allowing the calculation of all
four doses, given any one dose. This task is compli-
cated by the facts that irradiations were performed at
different distances from the reactor core, and only
selected measurements were performed at each

*. distance.

M ETHODS

Most data were compiled from unpublished measure-
ments by K. Ferlic and 't. Daxon recorded it AFRRI
Laboratory Notebooks numbers SSI) 5(a) through 5(d)

4 od SS) 23(a) throurh 23(c), which were archived in the
AFRIl library. Radiation dose rates at various dis-
,tances and anglos from the reactor core were taken

from unpublished data obtained from K. Ierlic. Note
that accurate roplication of these dosimetry measure-
ments was not feasible because the wooden walls andthe wall coverings of gndolinium/cadmium in lposuro

Room One were later replaced. l,
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DEFINITIONS

The following terminology was used in the dosimetry
measurements:

Dose: Neutron, gamma, or total kerma expressed in
units of rad. (Gamma dose includes neutron-capture

-l gamma rays.)

ICRU: International Commission on Radiation Units
; - and Measurements

Tissue: ICRU muscle. Doses calculated for ICRU
muscle (4) as material being irradiated. By weight, the
composition of ICRU muscle is 10.2% H, 12.3% C, 3.5%
N, 72.9% 0, and 1.1% (Na + Mg + P + S + K + Ca).

AEr : Entire collection of items brought into exposure
room to irradiate an animal. For chair irradiations,
array included a plywood box and testing apparatus, an

* acrylic restraint chair, and an animal. For wheel
irradiations, array included an exercise wheel, an
acrylic restraint box in which the animal was confined
for irradiation, and the animal.

Depth Dose: Use of ionization chambers within tissue-
equivalent phantoms to measure dose at depth. The
entire experimental array was in place when depth
doses were measured.

Free-In-Air (FIA) Dose: Use of ionization chambers to
measure tissue kerma at a point in space in absence of
animal and in absence of experimental array. Ion
chambers were positioned at same point in space as for
depth-dose measurement.

Tissue-Air Ratio (TAR): Ratio of depth dose to FIA
dose

CLCL: Distance from centerline to centerline. Used
to express horizontal distance from center of reactor
core to point at which dose was measured. Aniimals
were assumed to sit up straight, with all points along
their midline at the same CLCL distance.

* Midthorax: Point at trunk midline of animal or
phantom. In all arrays considered in this report,
midthorax is positioned at the same height from the
floor as the center of the reactor core, or 120 cm in
, posure Room One (ER 1) and 92 am in Exposure

i loom Two (Ell 2).
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Midhead: Geometric midpoint of animal's head, which
is assumed to be vertically above midthorax

Ion Chamber: Device for measuring radiation dose.
Two 50-cc ion chambers were used for all FIA measure-
ments. Two 0.5-cc ion chambers were used for depth-
dose measurements. See more detailed description
below.

Phantom: Plastic and liquid device that approximates
shape of a rhesus monkey. Used for all depth-dose
measurements, as described below.

RESU LTS

Phantoms

Phantoms were constructed to approximate the dimen-
sions of rhesus monkeys. Figure 1 is a diagram of a
phantom. 'The trunk portion of each phantom was a
hollow lucite cylinder filled with tissue-equivalent (TE)
liquid (4). Cylinders of 4- and 5-inch diameters were
used to model juvenile rhesus monkeys, and cylinders of

* 6-ineh diameter were used to model mature subjects.
'These sizes were based on actual measurements of a

1 4 cm diamolw hose fw o U~m wr

-9,2cm
1.0 cm Ovhck discs

10.2cm ot A- IO olao

9 10, m
-4wTE quid In 0. 3cm

12,7cm mdwn
M2 t.con haa

33 cmn

YWgmeL 1 ShIIIJIL ,iititikiY P114111011 UWd for dosikiltly Iamuuw.
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number of experimental animals. Lucite tubes contain-
ing the ionization chambers were suspended in the TE
liquid for depth-dose measurements. The head and neck
sections of the phantom were made of A-150 tissue-

*. ~ equivalent plastic with a hole at the center of the
midhead for positioning the ionization chambers. The
midhead-to-midthorax distance in the phantom was
varied between 18 and 25 cm during the course of the
measurements.

To simulate subjects irradiated in the chair configura-
* tion, the phantom was placed in the chair so that the

5, vertical centerline of the phantom was at the specified
CLCL distance. Legs were not included in the phantom
for chair irradiations because the subjects legs extend
away from the body in this configuration. For irradia-
tions in the wheel configuration, the subjects were in a
crouched position, so it was appropriate to include legs
in the phtntom, as shown in Figure 2. (Note that Figure
2 shows an anterior view of the phantom, but irradia-
tions were done with posterior incidence.)

" ' 1.4 cm dlmtp h t for Iton chambw

9.2 CM
*. 3.0 cm thick 4cS

tD. cm
-WEU4ul In 0.3 CM

WOic acySOCt"d

12,7 CMnwduni
33 cm 54 cm Imp

-

.

* I~~iptiifo ", kMiukvy lthiui in with Iogi hil criomu ed tlw illin ud
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Ionization Chambers

AFRRI 50-cc paired ionization chambers were used for
all FIA-dose measurements. These ion chambers have
been used at AFRRI for calibration purposes since
about 1968, and were the model for subsequent develop-
ment of commercially available spherical chambers. A
diagram of the chambers appears in reference 5.
AFRRI 0.5-cc paired-ion chambers were used for all
depth-dose measurements; these have been described in
reference 6.

The paired-ion chamber constants used for all dose
measurements are defined by the following equations:

DN a T - b U

DG -c T + d U

where T is the response of a tissue-equivalent ion
chamber filled with tissue-equivalent gas and U is the

At,. response of a 50-cc graphite ion chamber filled with
C0 2, or the response of a 0.5-.cc magnesium chamber
filled with argon normalized by the cobalt-60 roentgen
calibration factor for each chamber. DN is the neutron
kerma for tissue, and DG is the gamma kerma for
t issue. Th four constants of concern are a, b, c, and d.
Values of these constants used for all dosimetry calcu-
lations are listed in Table 1.

Table I Paired hmiiation Chamber Cwo nanits for Evaluation of
Ganmma-Neutron Doses

Constant 50-ce Chambers 0.5-cc Chambers

1.22 1.061

b 1.22 1.061

0 0.094 0.024

d 1.0$ 0.961

7



Tissue-To-Air Ratios

Table 2 lists the measured dose rates collated by array
and reactor shield. Table 3 summarizes the TAR values
for small, medium, and large phantoms. Since midhead
TAR values were nearly identical for phantoms of

* "different sizes, the average value is given for each
configuration.

Table 2. Free-in-Air and Phantom Midline Dose Rates* for Reactor Chair and
Wheel Configurations ,.

Configuration Midthorax Midhead Midthorax/Midhead

Room 2, No shield, Chair 125 cm

FIA - 27.0 23.4 1.15
SLarge 18.6 18.2 1.02

Medium 19.4 18.1 1.07
Small 20.5 18.4 1.11

Room 1, 2" Pb, Chair 90 em

FIA 14.9 12.7 1.17
Large 8.88 8.90 1.00
Medium 10.2 9.16 1.11
Smoll 11.2 9.04 1.24

Room 1. 6" Pb, Chair 100 em

FIA 6.85 5.64 1.21
Large 3,26 3.55 0.94
Medium 3.67 3.51 1.05

• 'CSmll 4.31 3.40 1.23

4".' Room 1, No shlold, Choir 100 em ,

IA 35.2 31.8 1,11
Large 26.0 25.3 0.99
Medium 27.6 25.8 1.01
Smali 29.1 24.? 1.19

RooM 1. -" 120. chair 100 eO

1IA 13.5 1,",2 1.11
1rg 9.91 O.91 1.00
Medium 10.0 10,0 1.00
SmaI 11.3 10.1 1.12

F I A 14, 12.7 t?17

. .,ium 09.75 926 1.05 0
Suaull |1,33 Ith7 1.06

.,t rull. medium,. md tWrg pluaiuno. werv . s iJ 6" Wi diumerne , r€1Iit4 lY.

'"
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Table 3. Phantom Tissue-Air Ratios*

Midthorax

Room Shield (cm) Array Small Medium Large Midhead

2 None 125 Chair 0.76 0.72 0.69 0.78

1 None 100 Chair 0.83 0.78 0.71 0.81

1 2. Pb 90 Chair 0.75 0.69 0.60 0.71

1 2" Pb 90 Wheel 0.76 0.66 0.56 0.73

1 6" Pb 100 Chair 0.63 0.54 0.48 0.62

1. 5" H20 100 Chair 0.84 0.74 0.73 0.82

Ratio of total (neutron plus gamma) dose measured within phantom to total
kerma measured at same point in space, but in absence of phantom and
array

The precision of the TAR measurements was probably
better than ;t 5% (2 standard deviations) based on the
fact that all but a few of the measurements wore done
in duplicate. If the results were not within 1 5%, a
third measurement was made. Also, for all measure-
ments, the readings of monitor chambers were
reeorded, and data were eorrected if monitor chambers
showed reactor output variations of more than 1%.

The above data did not cover all CLCL distances of
concern at the time. By definition of the TAll, the
same values may be used for other CLCL distances, as
long as the radiation field is the same. Ilie fields do
indeed change with disuiee: eapture-gamma radiation
and scattered low-energy eomponents are more signifi-
eat at greater distances. However, It can be argued
that most of the scattered radiation affecting the TA

0 is scattered radiation caused by the array itself, with
walls and floor exerting only a secondary effect
because of their greater distance from the l ihatowi.

Neu. Nttroll-to-cGala I'l11(a1tios

* Neutron -to-ga fit nl ratios were also cOm)iled from the
. available data. tey are listed in 1tbile 4. ile

Ilinhield "iltrolilgiaIIn n ratios listed ill Tble 4 are
averages of values measured for trunli of three differ-
Ontsizes.

9



" .Table 4. Neutron-to-Gamma Ratios for Phantom Irradiations

CLCL Midthorax Midhead

*"Room Shield (em) Array FIA Small Medium Large FIA All

2 None 125 Chair 0.57 0.28 0.27 0.19 0.42 0.25

1 None 100 Chair 0.57 0.30 0.26 0.21 0.44 0.30

1 2" Pb 90 Chair 3.80 1.70 1.40 1.00 3.80 1.70

1 2" Pb 90 Wheel 3,80 1.40 1.20 0.83 3.80 1.60

1 6" Pb 100 Chair 17 2.70 2.10 1.20 12 2.50

1 5' 1120 100 Chair 0.20 0.16 0,06 0.01 0.16 0.10
I-

* Different Distances

The ratio of midthorax-FIA to midhetad-FIA doses is
needed to complete tile four-way comparisons discussed
in the Introduction, lhese ratios are shown in Table 5
for the arrays/shields for which they were measured.
For the ushie1lded reactor) other CLCL distances were

-, used for some irradiations: from 85 to 150 em in ER 1,
and from 80 to 260 em in ER 2. Two factors affect tile
relative mldthorax-FIA and midhead-PIA radiation dose
rates at these distanees. First, tile slant distance from
reactor core to midhead is greater than to midthorax.
Second, tle reactor output at an angle (toward

- midliOnad) is reduced CoJnpared to tie output along the
horizontal (toward midthorax). ileso two offeets have

Pbeen eharacterized separately In the past, as shown in
Figurs 3 and 4. Itese data were used to estimate
free-itt-air doses at uidhead and midthorWc positiotls
for various cirt:'L distances. iTe estimated ratiosshowo in th!c 5 agree within 1% with tie measured

Sratio. in the two eonfigurations for which neasure-
Ietls Wero available.

10
a



Io ----- t10
-Total 4 -Total
Gam,-a

50- 5 0 Gamm

Neutron
- Neutron)\

.10- - 0

-4 -

-5~ 5 F--

30 50 100 300 30 50 100 300
*Distance to Core Centerline (cm) Distance to Core Centerline (cm)

F igo ir 3. Rcidizit loll ompt p i t (Ii ft ee (listianees fri w A FRRI
I RIGA reactor iln Fxpostii-, Rooin Oiie (A) and Two (Bi)

Room 2 Height Above Floor (cm)
72 82 92 102 112

100

90L-7

S80~

701- /
0
0 IRoomI on2

Roo 20-
.

40
30 Reactor Neutron Output'\31 at Different Heights

S20- Above Floor

10-

00 1 2 130 140
Room 1 Height Above Floor (cm)

liRie .. idtiiioi oitpt hoit AlFRl IRIGA leotcoot ill
difleut liglt illI\p~~ti fIoi koo 01k' ile Wid]%v



-7T. r, .r 7-' '1, %. 7 - V - -19X .. :-.. 4 I.t. , C -

77* Y I.1"I7IOXmV7

Table 5. Ratios of Midthorax-to-Midhead Free-in-Air Doses

C LC L
Room Shield (cm) Measured Estimated

1t 2" Pb 90 1.17

* 1 6" Pb 100 1.21

1 5"1 H2 0 100 1.11 -

2 None 80 - 1.29
125 1.15 1.12
200 - 1.05
260 - 1.03

1 None .85 - 1.14
90 - 1.12

100 1.09 1.11
150 - 1.03

L

Dose Conversion Factors

From the results compiled above, a dose conversion-
factor chart was constructed (see Table 6). The chart
gives the total doses appearing at depth in midthorax or
in air at midhead or midthorax for an irradiation,.'. delivering a depth dose of 1000 fads at the midhead

D.position. Based on this chart, complete inter-
comparison of the experimental dosimetry results

" specified for the four sites (in air, at depth, midhead,
and midthorax) can be achieved.

2. Uncertainties in the above dosimetry conversion
,c scheme lie in the precision of the basic data set
* (estimated to be better than i- 5%, 2 a) and in the use

; of estimated parameters for angular output of the
* unshielded reactor. Ilia latter uncertainties appear to

be no worse than _ 3% for CLOL distances beyond 100
Siii, but may be larger thani ± 5% at closer distances.

0
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Table 6. Doses Resulting From 1000-Rad Midhead Dose

- Se Aa CLCL FIA FIA Midthorax

Room Shield Array (cm) Midhead Midthorax Large Medium Small

* 1 2" Pb Wheel 90 1310 1540 850 1010 1170

1 2" Pb Chair 90 1410 1650 980 1130 1240

1 6" Pb Chair 100 1600 1950 930 1040 1230

1 5" H20 Chair 100 1220 1350 990 1000 1130

1 None Chair 85* 1260 1430 1020 1120 1180
90* 1260 1400 1000 1100 1160
i0o 1260 1390 990 1090 1150
150* 1260 1290 920 1010 1070

2 None Chair 80* 1280 1700 1170 1220 1290

125 1280 1480 1020 1060 1120
200* 1280 1390 960 1000 1050
260* 1280 1360 940 980 1030

*These entries are based on estimates ao' free-in-air dose ratios at midhead to
* midthorax position. All other entries are based on direct experimental

measurements.

DISCUSSION

,i The data compiled in this report allow intereomparison
*, of dosimetry results for irradiations of rhesus monkeys

(Macaca mulatta) conducted in different experiments
using the chair and wheel arrays. The data also serve
as a body of baseline reference information on reactor
output and neutron-to-gamma ratios both free in air

,. • and at depth within cylindrioal. phantoms of different
sizes.

The dosimetry conversion factor chart resulting from
the data compiled in this report demonstrates the
importance of proper site specification for dosimetry
measurements. the chart alows that free-in-air doses
were 22% to 95% higher than midhead doses. Also, for

*a midheid depth dose of 1000 rds, the dose delivered
at depth in midthorax.ranged from 850 to 1290 rads,
depending on size of phantom and irradiation
array/shield. For many arrays/shields, the midthorax
and midhead depth doses were approximately equal
(± 5%), but universal applicatlon of this generality is
definitely contraindicated, particularly for the small
phantom (4" diameter).

' 1 113
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For all sizes of phantom, the neutron-to-gamma-dose
ratios at depth were significantly different from the

*free-in-air values. Even for the enhanced neutron field
(6" Pb shield) the gamma component ranged from one
quarter to almost one half of the total midthorax dose
in the three phantoms. This finding indicates the
futility of attempts to further reduce the gamma
contamination of the reactor field, since neutron-
capture photons dominate the gamma dose at depth.
This finding also suggests that all dosimetry results
should be measured and specified within phantoms
instead of in air. The specification of in-air total
kerma and neutron-to-gamma ratios may bear little
resemblance to the actual dose and the dose ratios
appearing at depth in a phantom.

Measurement of depth-dose distribution was beyond the
scope of the present study. For further information on
neutron and gamma dose distributions, the original work
by Dowling (7) should be consulted. That study
examined dose distributions in rhesus monkey cadavers
irradiated with pulsed gamma-neutron fields from the
unshielded TRIGA reactor. More recently, Zeman et al.

(8) reported depth-dose measurements in cadavers and
phantoms irradiated with a 15-cm-lead-shielded TRIGA
reactor. Finally, references 3 and 9 report doses and
energy spectra determined by means of Monte Carlo
calculations at selected points and averages over
selected regions in monkey-like phantoms.
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